Highly Focused Ion Beams (FIB) are used to produce in one step large quantities of solid state nanopores drilled in thin dielectric films with high reproducibility and well controlled morphologies. We explore both the production of nanopores of various diameters and study their applicability to different biological molecules such as DNA, or folded and unfolded proteins, and then we compare their transport properties. We also report on the translocation of Fibronectin which an original experiment made possible is using the methodology described in this article.
I. Introduction
Many natural and technological processes involve the transport of colloidal objects or macromolecules through channels or pore of very small radius. One can cite the phenomenon of filtration [1], biopolymers synthesis [2] (DNA, RNA, and proteins), extranuclear transport of messenger RNA, the translocation and secretion of proteins [3] and the infection of a cell by certain viruses [4] . Mimicking artificially these processes at the level of single molecule is a major challenge. For the first time in 1996 the observation of the passage of a singlestranded RNA molecule through a nanometric protein pore inserted in a lipid bilayer, using a simple electrical technique has been reported [5] . This electrical detection method is the same as the one used on a more macroscopic scale in the Coulter counter [6] . It functions by measuring the electrical conductance of a pore that connects two solution-filled reservoirs. A particle entering the pore displaces conducting electrolyte, which leads to a transient change in the measured conductance. The magnitude and duration of the transient change are associated to the size and position of particle that caused it. Since then, several groups have been investigating many applications of macromolecules transport through biological nanopore, including ultrafast sequencing of DNA and RNA [7] . It soon became apparent that one way of extending this work on protein channels and getting around certain limitations in their use, such as the fragility of lipid membranes and protein channels, the lack of variability in the pore sizes, was to use artificial nanopores in thin solid state membranes. Current state of the art methods for nanopore production includes sculpting methods, direct drilling with focused electron (TEM) or ion beams [8] as well as lithographic methods and ion track etching. For an overview over current fabrication techniques see e.g. [9] . While it is possible to reliably produce nanopores, the challenge remains to increase production capabilities and integrate these fabricated devices into existing production processes such as electron beam lithography to further functionalize them.
We therefore decided for an integrated approach employing a high resolution FIB instrument which makes it possible to fabricate a larger number of identical devices in a single step. Additionally, the position of the drilled pore can be marked with high precision by engraving a lower dose pattern, which allows retrieving the pore for further imaging or modification.
Such solid-state nanopores have been used elsewhere to measure local force upon DNA localized within a pore [10] , nucleic-acid unzipping [11] , protein/DNA complexes interaction [12] , and protein translocation [13] . Here, we have successfully translocated double-stranded DNA (lambda-phage), large Fibronectin protein, native and unfolded Maltose Binding Protein (MBP). We have measured the current blockades caused by these different biomolecules through adapted nanopores sizes while sweeping the applied voltage. We describe the first experimental observations of these systems.
We have used solid-state nanopore of different sizes for the investigation of different systems (DNA, proteins). Nanopores sizes ranging from 4 nm to 150 nm were drilled into freestanding 30-50 nm thick Silicon Nitride membranes (SiN), using highly-Focused ion beam (FIB). The size of the nanopores was chosen and adapted to the size of objects to be later inserted in order to get optimum current blocking factors. As an example of the performances of our technique we present on Figure 1a a TEM image of an array of nanopores of different sizes with perfectly round geometry [14] .
II. Different systems of molecules & Tailored nanopores
Phage λ -DNA has been purchased from Sigma and used as received. The multi-domain protein Fibronectin is a flexible string of 56 globules. The hydrodynamic radius of the Fibronectin is 11.5 nm and the radius of a globule is 2.5 nm [15] , the net charge is negative (Z = -114e) . The multi-domain protein Fibronectin was purified from cryoprecipitated plasma. The purity of the preparation was determined equal to 96.6 ± 1.2%.
We choose the recombinant maltose binding protein [16] of Escherichia coli (MBP) because this protein has been extensively used as a model of protein translocation and folding and we have studied in detail the translocation of this protein across a biological pore [17] .
This protein is a large periplasmic protein with 370 residues (Mr=40707 Da). Its structure is ellipsoidal with overall dimensions of 3x4x6.5 nm [18] . The protein is negatively charged (Z=-8) at physiological pH. The denaturation of MBP by guanidium chloride (Gdm-HCl) has been studied in bulk and at 1.35 M of (Gdm-HCl) the protein is completely unfolded [16, 19] .
a. Optimum nanopores fabrication for DNA translocation experiments
First to increase their hydrophilicity, the nanopores containing membranes have been either subjected to an oxygen plasma from both sides for 30 s -1 min from each side after mounting to the setup or immersed in Piranha solution (30 vol% H 2 O 2 /H 2 SO 4 , 1:1) for 30 min. Then the individual membranes containing one nanopore each were mounted with a fast curing two component silicone (KwickCast®, World Precision Instruments, Inc.) onto plastic screw caps having a hole of 1.8 mm in diameter, as they are used in the planar patch clamp device "Port-a-patch ® " (Nanion Technologies GmbH). This high performance and flexible instrument served as a base in our experimental setup. It consists of a shielded Axon 200B headstage, whose output is connected to a vertical Ag/AgCl electrode, mounted into a cylinder containing an external screw thread onto which the plastic cap can be screwed. Drops of electrolyte are placed on either side of the membrane and a second electrode is closing the circuit from the top, a schematic of the setup is shown in Figure 1b . Pore resistance was determined by measuring the pore current as a function of applied bias voltage and applying a linear fit to the slope of the resulting IV plot (Figure 1b & 1c) . The pore conductance can be written as The case of the DNA multilevel blockages is shown in Figure 2 , a classical feature indicating that the DNA blocks the pore in different conformations, a straight one and a "folded" one, while this was not observed for others biomacromolecules. To make sure that the current blockade events are associated to DNA translocation events, we check that the dwelling time of the molecules in the nanopore decreases as the applied electrical potential is increased, as expected for charged molecules. In this case we have found that an adequate nanopore size is 4 nm. Figure 3 shows an I-V curve and some selected Fibronectin current blockade events at two different applied voltage through a pore in 50 nm thick Si 3 N 4 . Measurements were performed in 250 mM KCl, 10 mM Tris, 0.5 mM EDTA, pH 7.25. The I-V curve is linear as for all of our pores, the pore diameter is estimated at about 24 nm well suited to the size of the fibronectin. We added fibronectin -a large protein from the extracellular matrix-to the negative side of the membrane. The molecules is negatively charged and thus drawn by the electric field through the pore. The current blockade durations should be associated to protein translocation events and are in agreement with the diffusion coefficient of the fibronectin [15] . Each conformation of the protein is similar. The current blockade durations should be associated to Fibronectin translocation events because the dwelling time of the molecules in the nanopore decreases as the applied electrical potential is increased. 
b. Optimum nanopores fabrication for Fibronectin translocation experiments

c. Optimum nanopores fabrication for Maltose Binding Protein (MBP translocation experiments
We report finally here for the first time using biological nanopores (alpha Hemolysin) that intermediate conformations of MBP can be probed by monitoring and detecting in real time the chemical denaturation of proteins [17] . We intend here to perform a similar study and compare the protein sensing between biological and artificial nanopore. One advantage of artificial nanopores is the possibility of studying the dynamics of folded proteins which has not been studied with biological nanopores because the size of the protein in its native state is much larger than the biological pore size. Figure 4 top shows two IV curves corresponding to two pores drilled by FIB in 30 nm membrane thick. The first pore diameter estimated to be 4 nm should in principle only allow the transport of partially and fully unfolded proteins. This pore is well suited to monitor the denaturation of proteins that we will not discuss here. The second pore size is estimated to be around 12 nm, we use it to study both the translocation of folded and fully unfolded proteins. We have checked the conductivity of the pore in the presence and absence of chemical denaturant (Gdm-HCl) before adding proteins. We observe a slight conductivity increase in the presence of 1.44 Gdm-HCl. At this concentration MBP molecules are completely unfolded. Figure 5 shows two current traces corresponding to the transient of native proteins (top) and completely unfolded proteins (down). The experiments are performed through a 12 nm pore at the same electrical driving force (100 mV). In both traces the axes of current amplitude and time are plotted on the same scale. First we observe the value of the base line current ( 15 ) o I nA = in the figure 4 top slightly less than that measured in figure 4 down ( 17 ) o I nA = . This is due to the effect of ionic strength. The experiment in figure 4 top is performed just in KCl=1M (native proteins), in absence of Gdm-HCl, however the next experiment is performed in KCl=1M + Gdm-HCl=1.44M (unfolded proteins). Second the magnitude of current blockade (high of spikes) is larger for native proteins (figure 4 top) than for fully unfolded proteins (figure 4 down). This can be explained by the fact the native proteins are compact and rigid similar to plain sphere in contrast to the unfolded proteins that are random and flexible chains as shown in schemes of figure 4. The native proteins thus occupy a large volume in the pore causing a high current blockade magnitude. Finally the width of spikes corresponding to the native proteins is larger than fully unfolded protein; this indicates that the residence time of native proteins is slower than the blockade duration current of unfolded protein.
Conclusion:
We have shown the possibility to fabricate and tailor nanopore devices for optimizing translocation experiments. This optimization was made possible using a single highly focused ion beam processing technique within a single processing batch. Following this, translocation experiments of different biological systems has been very reproducibly achieved. Remarkable lifespan and lifecycles for the nanopore devices were also obtained. Finally the functionality of these nanopore devices using adapted biomolecules, double strand DNA, Fibronectin, and Maltose Binding Protein (MBP). Now open the route to the tailoring of nanopore devices for dedicated applications. 
